A superlattice of GaAs/Ga 1Ϫx Al x As quantum wells forms a Stark ladder under the influence of a perpendicular electric field. A two level incoherent emitter system, formed by radiative intersubband transitions between adjacent wells, is investigated as a tunable far-infrared radiation source. Intersubband transition rates are calculated at 4, 77, and 300 K for applied fields from 0 to 40 kV cm
I. INTRODUCTION
Recently there have been developments of semiconductor emitters based on intersubband transitions between conduction band states, in particular quantum cascade lasers operating in the mid-infrared. 1 Additionally, the use of an electric field to tune the output wavelength has been investigated 2 and there have been reports of tunable emission in the far-infrared region ͑1-10 THz or 30-300 m͒. 3 In this article a theoretical study is made of a two level emitter based on intersubband transitions between the conduction band states of adjacent wells in a Stark ladder. The main advantage of this two level system is the range of tunable output.
Intersubband transitions can take place via several mechanisms in semiconductor systems. 4 Obviously the most important electron transitions in a system to be used as a terahertz emitter are those which result in the emission of photons-the radiative transitions. However, nonradiative transitions may also take place via electron-phonon scattering and electron-electron scattering. 5, 6 These nonradiative transitions are undesirable because they compete with radiative emission and hence reduce the efficiency, even though in the design of lasers they can be used to good effect in creating population inversion. 7 A possible system that would fulfil the criteria for a tunable far-infrared emitter based on intersubband transitions is a Stark ladder structure. A Stark ladder is formed when an electric field is applied to a superlattice. The field changes the potential of adjacent wells, resulting in the formation of localized energy states, or subbands. 8 Electron transitions between subbands can result in the emission of photons. One important feature of the Stark ladder is that the subband separation is proportional to the applied electric field, which means that the intersubband separation, and therefore the photon energy, can be tuned.
To obtain coherent emission, a population inversion must be achieved between two subbands, and this is only possible in a system with three or more levels. The Stark ladder structure is a two level system so all emission would be incoherent. However, an advantage of the system suggested here is that the subband separation can be tuned from 5 to 37 meV, resulting in a range of emission wavelengths tunable from 33 to 248 m.
II. THEORY
When an electric field F is applied to a superlattice, it introduces an extra term to the potential, ϪeFz.
9 Using the envelope function and effective mass approximations the Schrödinger equation would be written as
where z o is the origin of the field at the center of the quantum well defined by the one-dimensional potential V(z). This equation was solved using a numerical shooting technique. 10 The material parameters of effective mass and band discontinuity were assumed to be independent of temperature, with the values taken from Adachi. 11 In particular, m*(GaAs)ϭ0.067m 0 , m*(Ga 0.8 Al 0.2 As)ϭ0.836m 0 , V(GaAs)ϭ0, and V(Ga 0.8 Al 0.2 As)ϭ167 meV.
This article presents a study of a five well structure of 50 ÅG a 0.8 Al 0.2 As barriers and 50 Å GaAs wells in which the intersubband separation in the Stark ladder regime lies in the far-infrared region. This is demonstrated by the graph of subband minima versus field shown in Fig. 1 . It can be seen that the intersubband separation is proportional to the field for fields у7k Vc m Ϫ 1 , enabling the output wavelength to be easily tuned. At smaller fields the wave functions are not very well localized and the system does not exhibit Stark ladder behavior. Figure 2 displays the Stark ladder effect when an electric field is applied to a multiple quantum well. It can be seen that the wave functions are localized in each well and the energy separations between them form an equally spaced ''ladder.'' a͒ Electronic mail: phykd@sun.leeds.ac.uk
The numerical wave functions were used to calculate the radiative and nonradiative transition rates between the Stark ladder states; the aim is to determine the quantum efficiency of the system. This will determine its feasibility as a device. Bulk phonon modes were assumed for the calculation of the electron-phonon transition rates. The electron-electron scattering and radiative rates were calculated using the approach of Smet et al. 12 The longitudinal optical ͑LO͒ phonon energy is 36 meV in GaAs ͑corresponding to a wavelength of 34 m͒ thus implying that LO phonon emission ͑which represents a loss process͒ will be suppressed for subband separations less than 36 meV. 4 Scattering rates were calculated for all intersubband transitions in the five well Stark ladder from level ͉nϩ1͘ →͉n͘, i.e., 5→4, 4→3, 3→2, and 2→1 at 4, 77, and 300 K for an applied field of 40 kV cm Ϫ1 . These are displayed for 4 and 300 K in Tables I and II , respectively. To decrease computational time, future calculations were performed only for the transitions between levels 4 and 3 ͑later labeled levels 2 and 1͒. This is justified because it can be seen from Tables I and II that the scattering rates for each of the four transitions between initial and final states are almost identical, thus showing that this system can be used-to a very good approximation-as a model of an infinite superlattice. The only exceptions are the transition rates from level 2 to level 1. These are slightly different from the other rates because of end effects ͑the wave function from the lowest level in the Stark ladder is modified by the adjacent barrier potential, as shown in Fig. 2͒ . 13 All transition rate calculations, radiative and nonradiative, were repeated at intervals of 5 kV cm Ϫ1 f r o m0t o4 0k Vc m Ϫ 1 at temperatures of 4, 77, and 300 K. There are three possible mechanisms for electronelectron scattering from the initial to the final energy state: 22→11, 22→21, and 21→11, where 2 and 1 are the initial and final subbands, respectively. The last two processes are Auger type transitions which only occur when an electric field is applied to the superlattice. This is because there is an asymmetry introduced to the superlattice potential on application of a field; a condition necessary for Auger transitions to take place. 14 The total electron-electron scattering rate (1/ ee ) for a two level system is the sum of all three mechanisms:
where 1/ 2221 ,1 / 2211 , and 1/ 2111 are the transition rates for the electron-electron scattering mechanisms 22→21, 22 →11, and 21→11, respectively. The internal quantum efficiency of the Stark ladder system is given by
where 1/ r and 1/ nr are the total radiative and nonradiative transition rates, respectively. The total nonradiative rate, 1/ nr , is given by
where 1/ LO ,1 / AC , and 1/ ee are the longitudinal optical ͑LO͒ phonon, acoustic ͑AC͒ phonon, and electron-electron scattering rates, respectively. Quantum efficiencies were calculated for each value of electric field at temperatures of 4, 77, and 300 K. A carrier concentration of 1ϫ10 10 cm Ϫ2 was assumed for these calculations. Self-consistent Schrödinger-Poisson calculations on similar quantum well systems have demonstrated that the band bending at these low carrier densities is negligible ͑Ͻ1 meV͒. 15 The radiative and nonradiative transition rates vary with electron density, although the radiative rates do not vary appreciably with temperature. Therefore for a field of 32 kV cm ) and the quantum efficiency was calculated for each case.
III. RESULTS AND DISCUSSION
Figures 3-6 show graphs of LO phonon, acoustic phonon, and electron-electron scattering rates as a function of increasing electric field. Scattering rates are shown at different temperatures to determine the conditions under which losses are minimized and at which nonradiative processes are dominant. Data are shown only for fields greater than 7 kV cm
Ϫ1
. This represents the point of Stark ladder formation. Below this field the system is in the ''mini-band breakup'' region which is not appropriate for emitter applications.
It can be seen that at a temperature of4KnoLOphonon transitions take place for electric fields below 36 kV cm Ϫ1 because the intersubband separation for these fields is less than the LO phonon energy. At a field of 36 kV cm
, the intersubband separation is equal to the LO phonon energy and LO phonon scattering becomes effective. At 77 K the LO phonon scattering rate peaks at a field of 36 kV cm Ϫ1 , corresponding to a resonance at the LO phonon energy. However, the peak is not as large as that at 4 K because there is a slight thermal broadening, causing some of the electrons to have energies greater than the LO phonon energy. At 300 K, the thermal energy of the system is kTϷ26 meV and this causes substantial thermal broadening of the electron distribution function. Consequently, there are many electrons having sufficient energy to emit a LO phonon, so the LO scattering rate is high at low fields, even though the intersubband separation is much lower than 36 meV. As the field is increased, the states become more localized, hence the wave function overlap decreases. The probability of an electron scattering into a lower state is therefore reduced, resulting in a lower LO phonon scattering rate at higher fields.
The AC phonon scattering rate decreases as the electric field is increased and is not very significant at 4 and 77 K, except at low fields. The AC phonon interaction strength is proportional to the energy of the emitted phonon, so at low fields, where the intersubband separation is small, the AC phonon transition rate is higher. At its peak rate at a temperature of 300 K and a field of 5 kV cm Ϫ1 , the AC scattering rate is about 5% of the LO rate.
The graph of individual electron-electron scattering rates from level 2 to level 1 at 4 K ͑Fig. 5͒ shows that the Auger-type processes are not as significant as the transitions where both electrons are scattered from level 2 to level 1 ͑2211͒ until a field of 10 kV cm Ϫ1 is applied. The rates for Auger processes 2111 and 2221 are about 60% and 75%, respectively, of the rate of the non-Auger process 2211 at 7 kV cm
. Indeed, the selection rule forbidding Auger-type processes at zero field arises naturally from the results of the calculations, as can be seen from Fig. 5 . There needs to be a large enough field to antisymmetrize the electron wave functions and, when this field is attained, the Auger scattering processes can become dominant. All the electron-electron scattering rates decrease with increasing field, as illustrated in Fig. 6 , because, as the electrons gain more energy, a larger momentum change is needed for an intersubband scattering event to take place. The probability of electron-electron scattering decreases as a larger field is applied and the electrons gain momentum. At low fields the electron-electron scattering rate at4Kisabout 40% greater than that at 300 K and 20% greater than the electron-electron scattering rate at 77 K. This is because the Fermi-Dirac distribution at low temperatures is such that there is a greater probability of an electron occupying a state near the Fermi energy.
The quantum efficiency of the system is shown in Fig. 7 . It can be seen that the quantum efficiency is low (ϳ1 ϫ10 Ϫ5 ) at low fields for all values of temperature. However, at 4 K the quantum efficiency peaks at a field of 32 kV cm
and has a value of 1.555ϫ10
Ϫ5 . This is because the most significant loss mechanism, LO phonon scattering, is suppressed at 4 K below fields of 36 kV cm Ϫ1 . The AC phonon and electron-electron scattering rates also decrease substantially as the field is increased to this value. Although ϳ2 ϫ10 Ϫ5 would appear to be a low quantum efficiency, it should be considered that 2ϫ10 Ϫ5 photons are emitted every time an electron is scattered from well mϩ1 to well m. For a typical superlattice having 100 repeats this would give 2 ϫ10 Ϫ3 photons per electron, which approaches an acceptable output. It can be seen that the quantum efficiency decreases at longer wavelengths. The maximum wavelength for Fϭ7kVcm Ϫ1 is 177 m, and the quantum efficiency here has decreased by a factor of 10 from its peak value, which occurs at a field of 32 kV cm Ϫ1 ͑corresponding to a wavelength of 38 m͒.
At 77 K the peak in quantum efficiency is a factor of 8 less than the peak at 4 K, and the peak at 300 K is a factor of 20 less than that at 4 K. Both these peaks occur at a field of 20 meV, corresponding to a wavelength of 62 m.
In Fig. 8 the quantum efficiency is shown as a function of varying carrier concentration. The quantum efficiency decreases with increasing carrier concentration, as a direct result of increased electron-electron scattering. Figure 9 shows the number of photons per well per unit area per unit time ͑given by n/ r ) as a function of current density, J, which is given by Jϭ ne nr . ͑5͒
At a field of 32 kV cm
, with a carrier concentration of n ϭ10 10 cm
Ϫ2
, the current density is 2.2ϫ10 3 Acm Ϫ2 and there are 2.2ϫ10 19 photons emitted per well per unit area per second. For a typical device having 100 wells of area 1 cm 2 , the power output would be approximately 1.1 mW, which approaches useful levels.
IV. CONCLUSIONS
Calculations of intersubband transition rates by both radiative and nonradiative processes indicate the potential of a Stark ladder based on GaAs technology for tunable farinfrared emission. The range of output wavelengths for the design advanced here would be tunable from 38 to 177 m, with a maximum efficiency at a temperature of4Ki nt h e shorter wavelength region. 
